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BLADES MADE (IF TIMKEN 17-22A(S) STEEL 

By Francis S. Stepka, H. Robert B e a r ,  and  John L. C l u r e  

r;l An investigation w a s  conducted wtth a group of shell-sqported,  air- 
8 cooled  turbine blades t o  determine (1) t h e i r  durability in engine  opera- 

t i o n  over a range ~f coohnt-f lar   ra t io   (cool ing-air  t o  conibustion-gas 
flow r a t i o )  and (2) a design  cr i ter ion  for  the type of air-cooled blades 
investigated  herein. The blades investigated were nontwisted. They.had 
formed she l l s  of Timken  17-22A(S) steel (which contains  approximately 96 
percent  iron) with mild-steel tubes inser ted   in  the blade  coolant  pas- 
sage t o  increase  the  coolant  heat-transfer  surface  area. The blades were 
invest igated  in  a modified J33 turbojet  engine a t  rated engine  conditions 
(engine  speed of ll,500 r p m  and calculated  turbine-inlet temperature of 
approximately 1670 q) and over a range of coolant-flow r a t i o s  from 0.015 
to 0.042. A t  rated engine  speed, the  calculated  aver e centrifugal 
stress ' i s  about 24,000 pounds per  square inch at the 73-apan  region of 
the  blade and about 32,000 pounds per square  inch at the root of the 
blade. 

Early fatigue fa i lures  of the blades at the root  region w e r e  exper- 
ienced a t  the  outset  of the  investigation. These failures were elimlnated 
by  modification of t h e   f i l l e t  a t  the blade  root and by  a l ter ing the heat 
treatment of the blades. Two of the blades with these modifications were 
in good condition mer 350 hours of endurance-testing a t  a coolant-flow 
r a t i o  of 0.027. 

The test t o  determine the   durabi l i ty  of t he  blades indicated  that  a 
sharp  decrease i n  blade l i f e  occurred w i t h  a small change i n  coolant-flow 
r a t i o .  The indicated mean value of t he  stress-ratio fac tor   ( ra t io  of 
average allowable blade  s t ress-rupture   s t renah  to  blade average cen- 
trifugal stress), the  design  cri terion  for  the  air-cooled  blades,  w a s  
about 2.3 over the range of coolant-flow ra t io s  from 0.015 t o  0.027. 
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INTRODUCTION 
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One  of the  goals of the  research on turbine  blade  cooling i s  t o  
produce  blades of nonstrategic  materials  capable of sustained  operation 
i n  gas  turbines at present or slightly higher gas temperature  levels 
and at minimum coolant-flow rates. Another goal i s  t o  provide  sufficient 
cooling of the blade materia3 t o  permit the use of materials of rela- 
t i ve ly  low strategic-alloy  content which possess higher strength  proper- 
ties than current  high-temgerature materials. Thus, grea ter   f lex ib i l i ty  
would be poesible  In  twbine  design, which would permit  higher turb ine  
t i p  speed6 and longer  blade  spans, fo r  example. 

Investigations of a variety of air-cooled  blade  configurations with 
and  without special  modifications t o  cool  the leading- and trailing-edge 
regions (ref 8 .  1 to 10) indicate more uniform  chordwise  temperature dis- 
t r ibut ion but poorer  durability of the blades w i t h  the special  modifica- 
tions. An investigation t o  determine the  durabili ty of coatings t o  pro- 
tect  the  blades from the  oxidation and erosion  effects of the  hot  gases 
(ref. 11) indicates that several  coatings axe satisfactory  Inhibitors of 
oxidation of the  low-strategic-alloy  blade naterials. Early blade fail- 
ures and erratic blade lives, however, were experienced  during the i n -  
vestigation. The failures,  furthermore, were due to   fa t igue  at the root 
region of the blade rather  than t o  stress-rupture at the 1/3-span region, 
which is considered  the cr i t ical   region w i t h  respect   to  temperature and 
s t ress .  .I 

Consequently,  an investigation,  reported  herein, was necessary t o  - 
obtain  an insight into the causes fo r  the failures, t o  remove these 
cauBes, and t o  improve the blade l i v e s  before  proceeding  with the primary 
objectives of the report. These objectives were to   es tab l i sh  a design 
criterion  for  air-cooled  blades of the type used herein and t o  determine 
the  durabili ty of the blades  over a range of coolant-flow ra t ios   ( ra t ios  
of cooling-air  flow  per  blade t o  combustion-gas flow per blade) fo r  ex- 
tended  periods of engine  operation. This investigatfon, which was con- 
ducted a t  the NACA L e w i s  laboratory,  concludes the series of investiga- 
t ions of which this report i s  part .  

The air-cooled blade configuration  investigated  herein w a s  a non- 
twisted blade with a formed shell of Timken 17-22A(S) s t e e l  (which con- 
t a i n s  about 96 percent  iron) and mild-steel  tubes  inserted  in the coolant 
passage t o  provide  additional  cooling  surface  area. A t o t a l  of 69 blades 
were endurance-tested. The tests were conducted i n  a modified 333 tur- 
bojet  engine at maximum rated  engine speed conditions  over a range of 
coolant-flow ra t ios  f r o m  0.015 t o  0.042. A t  maximum rated  conditions, 
the  engine  speed i s  11,500 rpm (1300 f t / s e c   t i p  speed,  corresponding t o  
an  average  calculated  blade  root  stress of about 32,000 p s i ) ,  and the cal-  
culated  turbine-inlet  temperature is  approximtely 1670° F. . 
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APPARATUS 

Blades 

General  description. - A photograph of one of the  shell-supported, 
air-cooled  blades of the configuration  tested i s  shown in   f igure  1. The 
blades were nontwisted and had a span of approximELtely 4 inches and a 

w chord  approximately 1; inches. The blades consisted of three parts: the  
CH 

a i r fo i l   she l l ,   the   tubes  t o  increase  the  coolant  heat-transfer  surface 
area, and the  blade base. The shell ,  which was the primary load 
member of the  blade, was  formed fromtapered  t&es of Timken  17-22A(S -c-Y- 
s teel .   This   s teel  has the following chemical  composition, in  percent: 
0.28 t o  0.33 carbon, 0.45 t o  0.65 manganese, 0.040 phophorus (m&x.), 
0.040 s u l f u r  (max.), 0.55 t o  0.75 sil icon, 1.0 t o  1.5 chromium, 0.40 t o  
0.60 molybdenum, 0.20 to 0.30 vanadium, with the reminder iron. The 

. wall thickness of the  shel l   tapered from 0.060 inch a t  the base t o  0.020 
inch a t  the t i p .  The tubes  inserted i n  the shell were made of m i l d  s t ee l ,  
SAE 1010 or  1020,  and were 0.125-inch outside  diameter  and had a w a l l  
thickness of 0.0125 inch.  Eleven  such t&es were inser ted  in   the  blade 
shell .  The base of the  blade was precision-cast of SAE 4130 s tee l .  The 
bases of the first group of test   blades  fabricated had an integral ly  
c a s t   f i l l e t  at the top of the  base as shown i n  figure 2(a). These cast- 

modifications are described  in the RESULTS AND DISCUSSION. 

% s 
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m i n   f i l l e t s ,  however, were modified as the  investigation  progressed. The 

L Method of fabrication. - M e r  t h e   a i r f o i l   s h e l l  and the t a e  .in- 
s e r t s  were f i t t ed   in to   the   cas t  base, the assembly was ready  for  brazing. 
The braze materials were (I) a paste of Nicrobraz powder and Acryloid 
B-7 (a   volat i le   plast ic  cement), which were packed around the she l l  at 
the blade base, and (2) cqpper wire, which was  laced  through  the  blade 
shell i n  the spaces between t h e   t d e s .  A thin  layer of the  Nicrobraz 
powder and the bonding  agent was also applied t o  the le'ading-edge re-  
gion of the blades,  covering  a wldth of about 1/2 inch from the  leading 
edge along  the  blade span, i n  order t o  provide  an  oxidation-  and  erosion- 
res is tant   coat ing  in   the most cr i t ical   region  ( refs .  9 t o  11). The blade 
assemblies w e r e  then s ~ j e c t e d  to the  brazing  cycle, which consisted  in 
heating the uni t s   in  a dry hydrogen  atmosphere furnace  for  about 20 
minutes a t  2075' F and then  gas-cooling a t  a rate equivalent t o  air- 
cooling. The blades  in the ear ly   par t  of the  investigation were then 
tempered at 1225' F fo r  4 hours i n  8 dzy hydrogen  atmosphere  furnace. 
However, this  heat  treatment was modified a s  the t e s t  progressed, as 
discussed  in a smsequent  section. After heat  treatment,  the  serrations 
were ground in   t he  base and the  blades were trimmed t o  length. The 
blades were then  given the f ina l   s t ep   i n  their fabrication, which con- 

oxidation-resistant  coating of nickel on the blades. A more detailed 
description of air-cooled-blade  fabrication  procedures is presented  in 

. sis ted of immersing them in  an  acid-nickel  solution to obtain an 

l. reference 12. 
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Heat treatments. - The heat   t reatmnts  employed are  given  in  table 

I. The modifications of the  original heat treatment were required  in 
order t o  improve the blade l ives  and t o  eliminate early blade fa i lures  
experienced  during the investigation  reported  in  reference 11 and in   t he  
present  investigation. A tabulation of the blades that were given  the 
various  heat  treatments is sham i n  table II. 

Engine 

Description. - Several  production  turbojet  engines were modified t o  
allow  cooling air  t o  be  supplied to   e i the r  two or four test rotor blades. 
The cooling air  w&s supplied t o  the blades from a cort~pressed-air s y s t e m  
external to the  engine. The modifications of the  engine were essentially 
those  described  in  reference 1. 

Instrumentation. - Measurements of the  engine  combustion-alr and the 
blade cooling-air flows were made with flaw nozzles  and f la t -p la te   o r i -  
fices,  respectively. The effective  gas temperature (uncooled-blade t e m -  
perature),   mich w a s  the  control temperature for   the  endurance tests, 
was measured by chromel-alumel  thermocouples inibedded i n  the leading 
edge and at about 1/3 span of each of two standard uncooled blades. No 
thermocouples were installed on the cooled t e s t  blades. The cooling-air 
temperature at the  entrance to the blade base was measured by thermo- 
couples  located  in  each of the  cooling-air supply tubes on the  face of 
the  rotor. Details of the thermocouple ins ta l la t ion   a re  given i n  ref- 
erence 1. 

Experimental  Procedure 

Endurance investigation of blades i n  engine. - For the determina- 
t i on  of the durability of t he   t e s t  blades a t  various coolant-flow ratios, 
constant-speed  engine  operation was  employed. The constant-speed  opera- 
t ion  was chosen i n  order to provide a constant blade stress l e v e l ,  which 
is  necessary for determination of the blade design  criterion. For t h i s  
running,  the  engine w a s  operated a t  maximum rated speed (11,500 r p m )  
with  the  exhaust  nozzle  adjusted to obtain  an  effective gas (or uncooled- 
blade) temperature of 1450O F a t  the 1/3-span location, which corresponds 
t o  approximately 16700 F  turbine-inlet  gas  temperature. A t  m a x i m u m  en- 
gine  speed,  the  calculated  average  centrifugal  stress at the 1/3-span 
location of the test blades was about 24,000 pounds per  square  inch. The 
blade coolant  flow was se t  a t  the  desired  level once the engine  speed and 
gas temperature were established. The blades were tes ted a t  coolant-flow 
ra t ios   ( ra t ios  of cooling-air flow per blade to combustion-gas flow per 
blade) of 0.042, 0.027, 0.022, 0.020, and 0.015. 
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For flight application,  the maximum engine  speed for  continuous ap- 

eration i s  ll,OOO rpm,  while operation a t  11,500 r p m  is limited t o  half- 
hour periods  for  take-off or conibat. The NACA t e s t  speed was s e t   a t  
11,500 rpmto  provide  a more severe test f o r  the blades. Tail-pipe tem- 
peratures   in   service  are   l imited  to  1292' F except f o r  s ta r t ing  and  ac- 
celerating;  the endurance tests reported  herein were conducted at tail- 
pipe  temperatures  ranging from l 2 8 O o  t o  1350° F, depending on ambient 
conditions and the  condition of the eqyipment being  used. A ta i l -pipe 
temperature of 1325' F m s  typical  of most of the operation. 

Determination of vibrational characterist ics of t e s t  blades. - In 
order t o  obtain an insight  into  the  cause  for the fat igue  fa i lures  a t  
the root  of the blades, 1 6  of the blades reported  herein were  instrumented 
with s t r a in  gages a t  the root  region on the suction  surface and w e r e  vi- 
brated by  an  air-interrupter  excfter. This investigation  determined  the 
natural  frequency of the  blades and the  variation of the  inherent damping. 

Calibration of coo l inpa i r  leakage. - Because of leakage of cooling 
air at the  labyrinth seal between the  stationary  cooling-air  supply tube 
i n  the ta i l  cone of the  engine and the rotating  air-collector housing at 
the hub of the turbine rotor, the leakage at  this Junction was calibrated 
with the pressure  difference  across  the  junction. 

The maximum correction t o  the coolant-flow ratios  reported  herein 
was about 20 percent  and  occurred at a coolant-flow  ratio of 0.015. 

Calculations of Stress-Ratio  Factors 

The method of obtaining a design  cri terion  for  the  air-cooled blades 
reported  herein is baeed on the st ress - ra t io   fac tor .  This factor is  de- 
fined as the r a t i o  of the average allowable blade stress-rupture strength 
for  a desired  blade l i fe  and for a given chordwise  temperature  distribu- 
t i on  t o  the  calculated average ceiltrifugal blade s t ress .  The allowable 
stress-rupture  strength and the  calculated average centrifugal stress 
[cdculated  centrifugal  load  divided  by total metal area of section 
(shell and tube  inserts)l  were evaluated at about the -1/3-span region of 
the blade,  because this region is considered t o  Be the cr i t ica l   reg ion  
with respect t o  temperature and stress. (The method fo r  determining the 
c r i t i ca l   reg ion  of air-cooled blades is presented i n  re f .  13.) In eval- 
uating the s t ress-rat io   factor ,   onlythe  average  centrffugal  stress, 
which i s  considered t o  be the major stress, was considered. It w-as 
thought, however, t ha t  the magnitude of the 's t ress-rat io   factor  would 
include the effects  of the  other stresses, such as bending,  vibration, 
and thermal  stresses, and thus provide  the  necessary margin of safety 
i n  design. In addition, the s t ress - ra t io   fac tor  i s  Intended t o  provide 
the  necessary compensation, or margin of safety, f o r  the effects  that 
construction may have  on the blade  material  strength. 
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The average  allowable  blade stress-rupture strength was determined 

by first obtaining  curves of stress-to-rupture  against  metal teqerature 
for  a range of time t o  failure from unpublished results of t e s t s  of bar 
stock speclmens of Timken  17-2211(8) steel. Next, curves of the telqper- 
ature distribution around the  periphery of a typical  test  blade at about 
the  1/3-span  region, shown in   f igure  3 (obtained from unpublished  elrperi- 
mental data), were used i n  conjunction  with  the  curves of the  stress-to- 
rupture  against  metal  temperature t o  provide  curves of allowable  blade 
stress-rupture  strength  distribution around the  blade  periphery. These 
curves w e r e  obtained f o r  a range of blade l ives  and for  coolant-flow 
ra t io s  of 0.015, 0.020, 0.022, and 0.027. The  areas under each of these 
curves were then  integrated and the  average  allowable  stresses  obtained. 
The s t ress-rat io   factors  were then  calculated. 

t 

These calculated data, plotted  with  coordinates of s t ress-rat io  
factor  and blade l i f e ,  result i n  a series of CurveB indicating  the var -  
ia t ion of stress-ratio  factor  with blade l l fe  for  each  coolant-flaw  ratio. 
The experimentally  obtained blade l i v e s ,  when plotted on the  respective 
curves of coolant-flow ratio,  give  the  spread of the  stress-ratio  factor 
for  the test blades and indicate  the magnitude of the  factors  required 
i n  designing the blades. 

II 

RESULTS AND DISCUSSION 

Investigations Leading t o  Improvement of Blade Life I 

Prelfminary  endurance-testing of the  shell-supported  air-cooled 
tmbine blades with shells of Timken 17-22A(S) steel   reported  in  refer-  
ence 11 and the endurance-testing of the first group of blades in   the 
present  investigation resulted i n  early blade fai lures .  A photograph 
of typical   ear ly  failures at   the  root  regions of the  blades i s  shown i n  
figure 4. . . - " - " -. . . . . - . . " . .  " _  

. .  

I n  order to  el iminate  these  early  failures and t o  improve the  blade 
l i v e s ,  a number of investfgations were conducted t o  obtain  an  insight 
into  the  causes of the  failures.  Inasmch as centrifugal, bending, 
thermal,  and  vibratory  stresses a l l  contribute t o  blade  failures,  factors 
tha t  were thought t o  influence  these  stresses were investigated. 

Blade vibrational  characteristics. - Examinations of the  failures 
. -. 

a t   the  blade roots  disclosed  semicircular &reas on-the ins ide  of the 
pressure  eurface of the  blade  shells  (fig. 5) that indicated  areas of 
fatigue-failure  origin. With the knowledge that  the failures were due t o  
fatigue,  the first thought was that the  fa i lures  were  due t o  the vibra- 
tory  characterist ics of the  blades. An investigation  to determine  the 
vibrational  characterist ics of the blade was m&e as  described .In the 
PROTJRES section. The results of the  investigation  indicated (1) that  

I 
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the  natural  frequencies of the  air-cooled test blades were  approximately 
the same as f o r  the  standard uncooled so l id  blades used i n   t h e   t e s t  en- 
gine and (2) tha t  a var ia t ion  in  daurping characteristics,  probably due 
t o  variations  in  braze  contact  me&, existed among the  cooled blades. 
The ffrst result of the  vibration  investigation  indicated that, since 
the  air-cooled  test   blades had about the same natural  frequency as the 
standard uncooled blades and since  the  standard blades operated satis- 
factor i ly ,  no unusual  vibration problems of t h e   t e s t  blades should  be 
encountered. The effect  of the variation of the  hmging  characteristics 
of t he   t e s t  blades on blade life, however, had t o  be investigated  by s&- 
jecting  the  blades t o   a n  endurance test. The resul ts  of the test, how- 
ever, showed no correlation between blade damping and blade  l i fe .  The 
resu l t s  of this  investigation  indicate that the  vibrational  characteris-  
t i c s  of the test  blades  should  not be one of the major causes fo r  the 
failures . 

Blade construction. - Since  the  faflures were occurring at  the blade 
root ,  one  of the  contributory  causes  for  failure in this region  appeared 
t o  be the  notch  effect of the sharp  ledge of the  cast-in f i l l e t  shown in  
figure 2(a). Reference 14 indicates that, when geometric  notches  such 
as section changes and f i l lets ex i s t  in a  specimen subjected  to  an elas- 
t i c   s t a t i c   s t r e s s ,   t he   s t r e s s   d i s t r ibu t ion  at the root  of the  notch 
changes i n  such a manner that the peak stress is markedly raised  for   the 
same load.  Therefore, the construction of the   b lade   roo t   f i l l e t s  was 
modified. These modifications,  intended  primarily t o  remove the  notch 
effect  of the  sharp  ledge at  the  shell-base  junction or t o  provide  a 
f i l l e t  with a lower elastic modulus t o  absorb some of the forces  causing 
the  fa i lures ,  or both, a re   i l lus t ra ted   in  figures 2(b) t o  (a).  For the 
puddled-over f i l l e t   ( f i g .  2(b) ) , a silverbraze was puddled  over the cast-  
i n   f i l l e t  and fa i red  smoothly  with the  shel l .  For the  puddled-in f i l l e t  
( f ig .   2 (c) ) ,   the   cas t - in   f i l l e t  w a s  ground off  before  assembling  the 
blade, and a s i lverbraze   f i l l e t  was puddled i n   a t  the junction of the  
s h e l l  and the  base. The fa i red- in   f i l l e t   ( f ig .   2 (d) )  was made by  grind- 
ing  the  cast-in fillet t o  f a i r  smoothly with  the  shell,  in  order t o  avoid 
the  use of brazed f i l l e t s   t h a t  might possibly, depending on the  technique 
of application,  affect  the  blade heat treatment. 

The resu l t s  of endurance t e s t s  of two groups of blades t o  determine 
the  effect  of f i l l e t  modification on blade l i fe   indicated  ( table  11) 
that blades w i t h  the modified f i l l e t s  (14 t o  25 and 3 1 t o  42 inclusive) 
had be t te r  l i ves ,  in  general,  than blades 1 t o  13 and 26 to 30. The re- 
sults, however, give no indication that one modification was better than 
another. The cast-in f i l l e t  that was  fa i red  smoothly in to   the   she l l   by  
grinding was selected  as  the means  of decreasing  the  geometric  notch at 
the  blade root .  

The improvement in  the  average  l ife of blades from about 13 t o  49 
hours by  the  mcldification of t he   roo t   f i l l e t s ,  however, was  not  adequate. 
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Furthermore,  blade failures were s t i l l  occurring  by  fatigue a t  the  root 
region  rather  than by stress-rupture a t  the 1/3-span  region of the  blade. 
Consequently, the  metallurgy of the  blade materials was next  investiga- 
ted  for   fur ther  blade l i f e  improvement. 

Metallurgy of blade materials. - Timken 17-22A(S) s tee l ,  from which 
the blade shells were fabricated, is a deep-hardening  high-temperature 
s teel .   In   the normalized and tempered condition  (heat  treatement 2, 
table I), it has a hardness of Rockwell C -35 and a small uniform grain 
size,  as shown in   f igure  6. Although t h i s   s t e e l  has a tendency toward 
chemical  segregation and contains more than  average  nonmetallics, which 
could  adversely  affect  fatigue  properties, the fatigue problems en- 
countered in  these  blades were not attributed t o  these  conditions.  This 
steel  proved  very  suitable  for  the  high-temperature (2075O F) brazing 
cycle  required  in blade fabrication. Although the brazing  operation  in- 
creased the grain  size as sham i n  figure 7 (  a ) ,  subsequent heat treatment 
returned  the 17-22A(S) steel ,   not  sffected by braze  penetration, t o  its 
original  condition. Severa l  blade shells made from SAE 4130, a aimilar 
a l loy  steel, showed severe grafn growth  and evidence of permanent damage. 

cn 
rD 

M rn 

Copperbrazing and Nicrobrazing of these blades was done i n  one op- 
era t ion   in   d ry  hydrogen a t  2 0 7 9  F (specified temperature). However, 
examination showed appreciable  variation  in  braze  diffusion,  indicating 
inconsistent  brazing  temperatures  primarily caused  by  furnace limita- 
tions.  This  brazing  temperature was approximately 100' F higher than 
required  for  capper, yet was necessery t o  flow  the  Nicrobraz. Conse- 
quently,  copper showed considerable diffusion (fig.  8(a)) .  I n  blades L 

where specified  brazing  temperatures were attained, copper diffused  into 
the  mild-steel  tubes more rapidly  than  into the 17-2211(8) shell. In  a 
few blades, the  cooling tubes showed br i t t le  fractures caused by s l igh t  
intergranular  attack. However,  no s h e l l  edr i t t l ement  was observed, so 
that, even  though diffusion was more than  expected,  copperbrazing was 
considered  successful  in  these blades. 

1 

Nicrobrazing characterist ics were qui te   errat ic   in   this   appl icat ion,  
probably  because of the profound  chemical sens i t iv i ty  of Nicrobraz t o  
temperature and the temperature  variations  already mentioned. This braze 
was heat- and corrosion-resistant;  also, good strength was indicated, 
since no base-shell  separations  occurred even  though som blades were 
joined i n  less than 35 percent of the base area. However, t h i s  braze 
presented a d i f f i o u l t  compromise for  thin  sections. A t  the  temperatures 
employed herein,  Plowability was limited; yet, when brazing  temperatures 
were ra i sed   to  2150' F i n  another work project,  excellent  flow  resulted 
but severe chemic81 attack occurred on 17-22A(S) s tee l .  

Additional  grain growth occurred in she l l  areas adjacent  to  the 
Nicrobraz, as s h m  at A i n  figure 7(a).  Although norznalizing refines 
this   grain  s ize ,  a uniform shell  microstructure i s  not  attained,  as 
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indicated  in  figure 7(b). Note also at B how braze  accumulation  can 
undercut the s h e l l  with serious  notch  potentiali t ies.  With small flow 
cleazances,  Nicrobraz a l loys  with iron t o  form a bond that has appreci- 
able ductil i ty;   but,  when cleazances are laxge,  the  braze w a s  hard and 
brittle and usually porous,  increasing  notch  susceptability i n  areas as 
shown i n  figure 8(b). Hence, these examinations indicated that Nicro- 
braz  displayed good qual i t i es  and also disadvantages  that  could  impair 
the parent metal strength. These brazing  defects, however, were not 
primarily  responsible f o r  the fatigue failures at the  blade  roots. 

Heat t r ea tmnt .  - The next  phase of this investigation w a s  t o  de- 
termine  whether  modification of the  heat  treatment would elimfnate  the 
ear ly  fatigue fa i lures .  The first  modification of the  original  heat 
treatment  given  the blades was  t o  normalize the  blades at 1 7 2 9  F f o r  
1 hour and then temper the  blades a t  1225' F f o r  4 hours. Although this 
heat  treatment  (heat  treatment 2, table I) reduced the  grain s i z e  and 
refined  the  structure as i l l u s t r a t e d   i n  figure 7(b),  no  improvement i n  
blade l i f e  or  elimination of fatigue failures at the  root  was obtained. 
Since  unpublished  data. of the  results of stress-rupture tests of  Timken 
17-22A(S) s tee l   ind ica te  that heat  treatment 2 -roved the strength 
properties of the   s tee l ,  Bnd since  the endurance results presented  here- 
i n  show no  improvement i n  blade l i f e ,  notch  sensit ivity of t he  steel ap- 
peared more serious than a t  f i rs t  realized. 

I n  view  of these  considerations, it was thought  that a more ductfle 
s h e l l  was needed, even though  reduced  stress-rupture  properties would 
result f rom a sof ter  blade. E i g h t  blades were s&jected  to   heat  treat- 
ment 3 (table I) i n  which, in  addition  to  being normalized,  they were 
tempered at 1400 6 F fo r  1 hour. Two blades were given heat treatment 4 
w i t h  lower d r a w  temperature (1325' F 1 hr) , i n  the event  the  blades w i t h  
the 140O0 F d r a w  were too  ducti le and did  not  possess enough strength t o  
permlt  extended  operation i n   t h e  engine. Four of the blades with heat 
treatment 3 were  operated at a coolant -f low r a t i o  of  0.042 f o r  51 hours 
without a failure. In v i e w  of time and expense, t e s t ing  a t  this rela-  
tively  high  coolant-f low r a t i o  was terminated, and the  remaining  four 
blades with  heat  treatment 3 were operated at a coolant-flow r a t i o  of 
0.027. Two of these  blades operated fo r  approximately 90 hours, one f o r  
296 hours, and the  other   for  292 hours  without a failure. However, be- 
cause of their   h igh  duct i l i ty ,   the  blades elongated and bent by leaning 
in   t he   d i r ec t ion  of rotation, aa shown in  f igure  9(a) .  The higher  shell 
temperature  near  the  tip,  in combination w i t h  the gas  bending forces, 
could  account f o r  the  bending of the  blade as a creep phenomenon.  The 
lack of bending along the   en t i re  span as a result of t he  gas  bending mo- 
ments, which are   largest  a t  the  root,  could be due t o   t h e  lower blade 
metal temperatures a t  the  root  region. 

The endurance-testing of  one of the  blades with heat treatment 4 
(blade 51) resu l ted   in  a fat igue  fa i lure  at the  root  mer  55 hours of 
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operation.  In view 6f this fa i lure  and of the sat isfactory  l ives  ob- 
tained w i t h  the blades that had heat  treatment 3, it was thought that a - 
modification of heat treatment 3 t o  eliminate the blade distortion should 
be attempted. The endurance-testing of the second blade w i t h  heat t r ea t -  
ment 4 (blade  52), however, was continued fo r  350 hours without a failure 
and without  bending o r  distortion. Although the results w i t h  this blade 
were satisfactory, the  eaxly fatigue failure of blade 51 and the satis- 
factory l i v e s  obtained with the Larger rider of blades w i t h  heat t r ea t -  
ment 3 did not appear t o  warrant further investigation of heat   t reat-  
ment 4. U: 

(TI  

M 
M 

The final  heat  treatment  given the blades (heat  treatment 5) con- 
sisted of normalizing at 1725' F f o r  1 hour,  tempering a t  1225' F fo r  
4 hours, and retempering the  root  region  (extending approx. 3/4 in.  
above the  base  platform) at 1400° F fo r  1 hour. The normalizing and 
first tempering were accomplished i n  a dry hydrogen  atmosphere furnace, 
while the  retempering of the root  region of the blade was accomplished 
by immersing this   port ion of the blade i n  a salt-bath furnace. The pur- 
pose of this  heat  treatment was  t o  supply the necessary  ductility at the 
blade root   to  resist failures  by  fatigue,   but  also  to  provide  sufficient 
strength along the blade span t o  pr,event  bending  and distortion. The 
endurance-testing of the f b s t  two blades with this heat treatment 
(blades 53 and 5 4 )  resulted i n  blade l ives  of over 100 hours at a coolant- 
flow r a t i o  of 0.027 without  bending or distortion. B l a d e  53 failed at 
the root after 145 hours,  while  blade 54 ran  for  350 hours, when tes t ing . 
of the blade w a s  terminated because l i t t l e  could be learned from running 
a single blade to  destruction  in  consideration of the time and expense 
of testing. Although heat  treatment 5 may not  be the optimum heat   t reat-  
ment for  air-cooled blades of Timken 17-22A(S), no further heat treat- 
mnts  were attempted  because of the satisfactory results obtained w i t h  
heat treatment 5. These results me: (1) the elimination of the early 
fa t igue   fa i lures   a t  the root  region,  (2)  the  elimination of blade  bending 
and distortion, and (3) the indicated  potential of the blades  for ex- 
tended engine operation. The endurance results obtained  with heat treat- 
ment 3 further support the f i rs t  resu l t ,  because  both groups of blades 
had the same heat  treatment a t  the root  region.  Consequently, heat 
treatment 5 was considered sat isfactory  for   appl icat ion  to  the group of 
blades intended for the determination of the primary.  objectives of this 
report, that is, the durabili ty of the blades over a range of coolant- 
flow ra t ios  and the d e t e d n a t i o n  of a  design  stress-ratio  factor. 

* 

Determination of Durability of Blades i n  Engine Operatfon 

Variation of blade l i f e  with coolant-flow rat io .  - The results of 
the endurance t e s t s  of 21  air-cooled blades with heat   t reatmnts  3 and 5 
(blades 47 t o  50 and 53 t o  69) operating at rated engine  conditions and 
a t  coolant-flow ra t ios  of 0.015, 0.020, 0.022, and 0.027 are l i s t e d   i n  
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t ab le  11. A plo t  showlng the variation of the endurance l i f e  of the 
blades w i t h  coolant-flow r a t i o  is  shown i n  figure 10. The large  spread 
i n   t h e  blade l i f e  obtained  can be a t t r i b u t e d   t o  a nmber of causes,  such 
as defects  in the blade material and va r i ab i l i t y   i n  the material strength 
induced as a result of blade fabrication or  brazing. The results, never- 
theless, show that a sharp drop i n  blade l i fe  is experienced with smal l  
changes i n  coolant-flow  ratio. Although the data were limited and the 
spread i n  blade l i fe  w a s  r e l a t i v e l y   W g e ,  a l i n e  through the data was 
drawn i n  an  attempt to   obtain the variation of blade  lffe  with  coolant- 
flow  ratio. A mean line was drawn by  arbi t rar i ly   giving the blades 
damaged by failure of other blades or on which t e s t ing  was terminated 
more w e i g h t  than the blades that fa i led.  The man- l i fe   l ine  shows the 
shsrp drop i n  blade l i fe  with coolant-f low ra t io .  A t  a coolant-flow 
r a t i o  of 0.022, for example, the  fndicated  average  expected l i f e  w a s  
about 66 hours; while, with a decrease in coolant-flow r a t i o   t o  0.015, 
the indicated  average l i f e  decreased to only 3 hours. 

Blades and blade failures. - The failures of the  blades with de- 
creased  coolant-flow ra t io s  were due to stress-rmture at the c r i t i c a l  
l/3-span  region. The failure appeared t o  originate at the leading edge, 
as shown i n  figure 9(b), and thereaf'ter t o  fail rapidly in tension, as 
shown i n  figure 9(c).  Metallographic  examinations showed that reduced 
coolant-flow ra t io s  greatly increase  corrosion of the tube inserts. In 

that these areas ran  hotter  than the remaining sheY section, w i t h  de- 
carburization  result ing  in some leading edges. 

N 
I 

8 
C addition,  reduced  hardness  values a t  the blade leading edges indicate 

- 
Blade -coatings. - The oxidation- and erosion-inhibiting  qualities 

of the Nicrobraz  coating a t  the leading edge, plus  the  nickel  coating 
of the blade shell, were good. For example, blades wlth 350 hours of 
operation at a coolant-flow r a t i o  of 0.027 showed only slight signs of 
oxidation, as shown in figure ll. Oxidation of the blades  operated at 
the lower coolant-flow ra t io s  was more evident. The coating, however, 
appease& adequte,   since mechanical failures of the blades  occurred 
before breakdown of the coatings. 

Determination of Design Stress-Ratio  Factors 

The design  criterion  or  design  factor for air-cooled blades, used 
herein, is based on the stress-ratio factor,  defined as the r a t i o  of 
allowable blade  stress-to-rupture strength based on material l i f e  and 
the blade chordwise temperature distributions to the calculated  average 
centrifugal blade stress. The calculated average centrifugal stress a t  
the 1/3-span section of the blade at rated engine  speed, used in  calcu- 
Lating  the  stress-ratio  factor, was  approximately 24,0% pounds per 
s q w e  inch (at the root  section it WRS about 32,000 p s i ) .  The calcu- 
lated va lues  of the  factors at coolant-flow-ratios of  0.015, 0.020, 0.022, - and 0.027 for  a range of  blade lives are   plot ted in figure 12. 
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The experimentally determined blade Uves  are  also  plotted,  as points on 
respective  coolant-flow-ratio lines, t o  give the experimentally  obtained 
spread of s t ress-rat io   factor .  

w -  

The results  indicate that the spread in   the magnitudes of the 
s t ress-rat io   factors  over  the  range of coolant-flaw ratios  investigated 
was between 1.9 and 3.0. An indicated mean value of the  factor was 
about 2.3. This value was obtained  by arbitrari ly  giving extra con- 
s iderat ion  to  the blades damaged by  failures of other blades and t o  
those on w h i c h  tes t ing was terminated. 

The magnitudes of the  stress-ratio  factors  obtained  indicate that 
a large compensation is required  for such factors  as (1) the detriment 
t o  the blade material caused  by  such factors  as  braze  penetration of 
shell   material  and-notch effects  in  blade material as a result of blade 
fabrication; (2 )  the blade  stresses  other  than  centrifugal, such a8 gas 
bending,  vibratory, and thermal, which were not  considered  because of 
the complexity of the calculations and the unavailability of accurate 
va lues  of physical  properties of materials at elevated  temperatures 
needed in  these  calculations; and (3) the dif'ference i n  the stress- 
rupture  properties of Timlren 17-22A(S) bar stock  material used in   cal-  
culations and that of sheet  stock  material f& which data were not 
available. 

The resu l t s  of the investigation, though  obtained w i t h  a l imi t ed  
n&er of test  blades, indicate that, i n  designing  air-cooled  blades of 
the type  investigated,  with the same material, operating  in a J33 tur- - 
bojet engine for  a desired mean endurance m e ,  a s t ress-rat io   factor  
of 2.3 is required. The applfcabili ty of this value of s t ress-rat io  
factor   to   other  blade configurations w i t h  other materials and operated 
in  other  engines is not known at  present. It appears  reasonable, i n  
the absence of other  information, t o  use this value of the  stress-rat-10 
factor  in  the first attempt i n  designing  other  air-cooled  shell-supported 
blade 8 .  

Investlgations  to  determine the durabili ty and a design cr i ter ion 
fo r  forced-convection  ab-cooled  shell-supported blades of  Timken 
17-22A( 3) s t e e l  (a low-alloy steel  containing  approximately 96 percent 
iron) were conducted at rated engine  condltiona  (turbine-inlet tempera- 
ture of about 16700 F and an engine  speed of 11,500 rpm). A t  rated engfne 
speed, the tip speed of the blade fe ab-out X300 feet   per  second. This 
speed  corresponds t o  a calculated  average  centrifugal  stress of about 
24,000 pounds per  square  inch at the   c r i t i ca l  1/3-span  region of the 
blade and about 32,000 pounds per square  inch at the  root of the blade. 
The results of these  investigations  are  as  follows: 

. . . -. - . - 
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1. E a r l y  fatigue fa i lu re s  of the blades at the root  region were ex- 
perienced at the outset of the investigation. These failures were elim- 
inated by modification of the f i l let  a t  the blade root and by a heat 
treatment resulting i n  a blade  with a duct i le  shell a t  the root  region 
and a high-strength and less duct i le  shell along the blade  span above 
the root  region. 

2. Although the final heat treatment t o  improve blade l ives  i s  not 

pose of eliminating the early fatigue failures a t  the root  and resul ted 

of the blades with t h i s  heat treatment was in  good condition after 350 
hours of endurance-testing at a coolant-flow r a t i o  of 0.027, indicating 
a poten t ia l   for  extended  engine  operation w i t h  these blades. 

Lu necessarily  an optimum heat treatment, it nevertheless  served the pur- 
crr ”\ 
4 i n  blade l i v e s  of over 100 hours at a coolant-flow r a t i o  of 0.027. One 

3. The endurance tests of the durability of the blades over a range 
of coolant-f low ratios  indicated that a sharp decrease i n  blade l i fe  
occurs w i t h  a s m a l l  change i n  coolant-flow  ratio. A t  a coolant-flow 
r a t i o  of 0.022, f o r  example, the average expected l i f e  w&s about 66 
hours;  while, w i t h  a decrease of coolant-flow r a t i o  t o  0.015, the indi- 
cated  average l i f e  was decreased t o  only  3 hours: 

4. The protection of - t h e  blade shells from the oxidation and ero- 
sion  effects of the hot  gases was  w e l l  provided  by the nickel  coating 
of the blade shell and the  undercoating of Nicrobraz  along the blade 
leading edge. Blades that operated fo r  as long as 350 hours showed only 
slight signs of oxidation. 

5. The indicated mean value of the stress-ratio fac tor  ( r a t i o  of 
the average allowable blade s t ress-rupture   s t rength  to  blade average  cen- 
t r i f u g a l  stress), the design  cri terion  for  air-cooled blades, was about 
2.3 over the range of coolant-flaw  ratios from 0.015 t o  0.027. These 
resul ts   indicate  that, based on mean blade l i v e s ,  a s t ress-rat io   factor  
of 2.3 i s  required  in  designing the air-cooled blades of the configmation 
and material investigated. 

L e w i s  Flight  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, June 28, 1954 
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H e a t  
treatment 

Process 

Blades tempered at 1225' F 4 hr i n  dry 
hydrogen  atmosphere 

Blades'  normalized a t  1725O F 1 hr and 
tempered at 1225O F 4. hr i n  dry hy- 
drogen  atmosphere 

Blades  normalized at 1725O F 1 hr and 
tempered a t  14000 F 1 hr in dry hy- 
drogen atmosphere 

Blades normalized a t  1725O F 1 hr and 
tempered a t  1325O F 1 hr i n  dry hy- 
drogen  atmosphere 

Blades  normalized a t  1725O.F 1 hr and 
tempered at 1225' F 4 hr i n  dry hy- 
drogen  atmosphere;  base  region (ex- 
tending from base t o  approx. 3/4 i n .  
from platform)  then  retempered at 
1400' F 1 hr i n  salt-bath  furnace 

. .  
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TABLE 11. - SUWURY OF EN-CE TEST 

F i l l e t  Remarks Endurance Coolant- Blade  FFUet Rmarka Coolant- B l u e  
flow 

hr:mln r a t i o  hr:min r a t i o  
life, flm life, 

Heat treatment 1 Heat treatment 3 

C a s t - i n  
~ 

1 
2 

3 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

15 
16 
17 
18 
19 

X) 

21 
22 
23 
24 
25 

- 

- 

- 
- 

1:12 

.027 
46 

1 :31 
-042 

a 47 
5:52 a 48 

.027  296 11 f 
I I 90i21 I p. 

20:38 f I I 50:57 
I I 
Heat treatment 4 

6:16 
8:27 

a 

b 4:06 
a Cast", 

f a i red  smooth 52  -027 350 
a I :  

' O r  100 

51 55:07  0.027 
b 
a 

d 
b 

Heat treatment 5 

33:07 b 
33  :07 b 
33:07 

a 23 :44 
C 

.027 
b 

1 :12 a 

- 
~ 

0.042 loo 
-027 1:12 

Caat-in, 
C i a l red  smooth 

- 
53 

55 
54 

56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

67 
66 

68 
69 

~~ 

Cast-in, 
puddled-over 

144:53 I a 0.027 
-027 
.020 

I 
.015 
-015 
-015 
-022 

1 

14:02 
2:30 

3 :24 h 
5:56 
1 :19 I : ,  Fuddled-in 

Paired smooth 
Cast-in, 

4:37 
97:37 

h 
J 

94:42 
48:14 

h 
b 

84 : 12 C 
47:18 C 

1 1  
Heat treatment 2 

.042  :39 a 

1 
aFailed at  blade  root. 
bBlade st i l l  in good operating  concution. 
'Damaged by other  blade failure. 
a a c k e d  at root,  suction  surface. 
eFalled at about 2/3 span. 
fKlongated and bent after 90 hr. 
6Klongat.d an8 bent after 40 hr. 
hFailed at about 1/3 spen. 
ICracked a t  1/3-sgan leading edge. 
JCracked at  @-span leading edge. 

cas t-in, 
puddled-over 

31 0.042 131:47 b I :z I 1::; I 81:24 I E I 35:06 

34 
35 

~~ 

.027 

.027 
5:30 
4:06 
35:14 
23:06 

36 
37 
38 
39 

-027 
-042 
-027 
-027 

55:06 
25:  28 

I I I I 
Puddled-in 

41 
40 0.042  35:30 . b , 

66:24 1 42 1 I I 35:30 1 b 
b 
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(b) Suction-Burface view. 

Figure 1. - ConfLguration of air-cooled blade8 with formed shells of Tlmken 
17- 2211 (s) ateel. 



A i r f o i l  shell 

(a) cast-in  fillets. 

19 

(b) Cast-in and puddled-over f i l le ts .  

Cast-in f i l l e t  faired smooth. 

Figure 2. - Blade base construction and f i l l e t  modifications. 
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B&ure 3. - Blade teqorature distribution at 1/3 epan of ahell-sqported blades, with 
tube  insert^, made of Timksa 17-22A(8) ateel.  Ibgine spbed, ll,500 rpa~ effeattve 
gas temperature, 14SOo F. 
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mmmd from blade at right) 
Flgure 5 .  - Fatigue failures at region of b l a b  mot. 
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Figure 6. - Microstructure of Timken l?-ZZA(S) steel &ell 
normalized 1725O F for 1 hour, tempered 12250 F for 4 hours, and 
air-cooled. Hardness, Rockwell C-35. N i t a l  etch, X250. 
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%X53 

(a) Copper penetration of mild-steel tube inser ts  'at inner surface of 
formed airfoil shell of Timken l7-ZZA(S) steel. ' 

-FfLle+ st blade root 

.n5 C-36U9 

(b) . B r i t t l e  fracture of Nicrobraz at junction of shell and base fi l let .  

Figure 8. - Effects of brazing ana brazing materials on blades. 
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cool&nt-flow r a t i o  

Figure 10. - Indioated mean l i f e  wlle of the change of 
blade life w i t h  ooolant-flaw ratio. (SheU-supported 
air-oooled blades with formed  hell^ of Timken 
17-22A(S) steel. 
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